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ABSTRACT

Active Fires is one of more than two dozen products explicitly required to be derived from the
Visible/Infrared Imager/Radiometer Suite (VIIRS) sensor slated to fly onboard the National
Polar-orbiting Operational Environmental Satellite System (NPOESS), which is scheduled for
launch in 2008. The requirements for the VIIRS EDRs are described in detail in the VIIRS
Sensor Requirements Document (SRD). These requirements form the foundation from which
both the algorithms and the sensor are designed and built. A revised version of the SRD was
released in November 1999, detailing a set of new requirements targeted toward the NPOESS
Preparatory Project (NPP), a National Aeronautics and Space Administration (NASA) endeavor
to build upon the MODIS heritage beginning in 2005. The Active Fires environmental data
record (EDR) was added to the VIIRS SRD at that time. The most recent version of the VIIRS
SRD remapped Active Fires to the status of an Application, under the heading of the Surface
Type EDR. The Active Fires Application will consist of three distinct components: the detection
of a fire or fires within a given geolocated VIIRS pixel; the subpixel average temperature of the
fire or fires detected; and the subpixel area of the fire or fires detected. These latter two
components represent a significant step forward in operational remote sensing of fires from
space. This document includes a thorough description of the algorithm used to retrieved the
product components listed above. Fire detection is based on contextual analysis; fire temperature
and area retrieval are based on an extension of the two-band technique described in Dozier
(1981). Additionally, Raytheon proposes to investigate the feasibility of adding a burn scar
detection parameter to the product output as part of Phase II algorithm development. As Active
Fires is a relatively new application for VIIRS, this document will not provide the level of detail,
particularly concerning variance and performance estimates, that has been possible for the other
VIIRS ATBDs. Such information will be provided in a later version of this document as it
becomes available, and much of those data will originate with MODIS analyses and simulations.
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1.0 INTRODUCTION
1.1 PURPOSE

This algorithm theoretical basis document (ATBD) describes the algorithms used to retrieve the
Active Fires Application for the Visible/Infrared Imager/Radiometer Suite (VIIRS). Active Fires
consists of three distinct components: detection of fires; subpixel average temperature of
detected fires; and subpixel area of detected fires. This document will describe the required
inputs, a theoretical description of the algorithms, the sources and magnitudes of the errors
involved, practical considerations for post-launch implementation, and the assumptions and
limitations associated with the products. Table 1 summarizes the three components of the Active
Fires Application. SRD is an acronym for the VIIRS Sensor Requirements Document (IPO,
2000).

Table 1. Component products of the Active Fires Application.

Component Description Purpose

Fire Detection Flagging of a given geolocated VIIRS | Operational monitoring of fires,
pixel to indicate the presence of an launching point for evaluation of
active fire or fires within, which is more detailed parameters which
assigned to the center latitude and serve both operational and
longitude of the pixel. research purposes.

Subpixel Average Fire The average temperature of all Feeds into tactical issues for

Temperature (SAFT) surfaces within a fire-detected pixel handling of fires, aids the
that are overlain by an active fire or computation of
fires. energy/aerosol/carbon fluxes into

the atmosphere

Subpixel Fire Area (SFA) | The projection of the total area of all Feeds into tactical issues for
surfaces within a fire-detected pixel handling of fires, aids the
that are overlain by an active fire or computation of
fires onto a plane perpendicular to the | energy/aerosol/carbon fluxes into
normal vector at the center of the the atmosphere
pixel.

1.2 SCOPE

This document covers the algorithm theoretical basis (ATB) for the operational retrieval of the
Active Fires Application. Any derived products beyond the three components of Active Fires
will not be discussed beyond brief mention. The exact structure of the algorithms for the Active
Fires EDR may change during the developmental phase of this experiment; this document will be
revised accordingly to match those changes. Only the algorithms that will be implemented for
routine operational processing will be preserved in the final release of this document.

Section 1 describes the purpose and scope of this document; it also includes a listing of VIIRS
documents that will be cited in the following sections. Section 2 provides a brief overview of the
motivation for the Active Fires algorithm, including the objectives of the retrievals, the currently

Raytheon SRBS Document #: Y3252 1
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designed VIIRS instrument characteristics, and the strategy for retrieval of the Active Fires
product. Section 3 contains the essence of this document—a complete description of the Active
Fires Application and its components. Consideration is given to the overall structure, the
required inputs, a theoretical description of the algorithm, assessment of the error budget, results
of ongoing sensitivity studies, practical implementation issues, and recommendations for product
validation. Section 4 provides an overview of the constraints, assumptions and limitations
associated with the Active Fires EDR, and Section 5 contains a listing of non-VIIRS references
cited throughout the course of this document.

1.3 VIIRS DOCUMENTS

Reference to VIIRS documents within this ATBD will be indicated by an italicized Raytheon
Santa Barbara Remote Sensing (SBRS) official Y-number in brackets, e.g., [Y2388].

Y2388 VIIRS Aerosol Optical Thickness and Aerosol Particle Size Parameter ATBD
Y2390 VIIRS Suspended Matter ATBD

Y2393 VIIRS Cloud Effective Particle Size and Cloud Optical Thickness ATBD
Y2400 VIIRS Vegetation Index ATBD

Y2402 VIIRS Surface Type ATBD

Y2411 VIIRS Surface Reflectance ATBD

Y2412 VIIRS Cloud Mask ATBD

Y2468 VIIRS Operations Concept Document

Y2469 VIIRS Context Level Software Architecture

Y2470 VIIRS Interface Control Document (ICD)

Y2474 VIIRS Land Module Level Software Architecture
Y2483 VIIRS Land Module Level Detailed Design

Y3236 VIIRS Software Integration and Test Plan

Y3237 VIIRS Algorithm Verification and Validation Plan
Y3251 VIIRS Precipitable Water ATBD

Y3257 VIIRS Computer Resources Requirements Document
Y3261 VIIRS Radiometric Calibration ATBD

Y3270 VIIRS System Verification and Validation Plan

Y3279 VIIRS Land Module Level Interface Control Document
Y3283 VIIRS Active Fires Unit Level Detailed Design

Y6635 VIIRS Algorithm Software Development Plan

2 SBRS Document #: Y3252 Raytheon
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Y6661 VIIRS Algorithm Software Maturity Assessment
Y7040 VIIRS Algorithm/Data Processing Technical Report
Y7051 VIIRS Earth Gridding ATBD

S$§154650 VIIRS System Specification

PS154650 VIIRS Sensor Specification

PS154640 VIIRS Algorithm Specification

1.4 REVISION HISTORY

This is the second working version of this document, however it is labeled Version 4 to match it
with the delivery of the other VIIRS ATBDs. It is dated May 2001. The first working version,
Version 3, was dated May 2000. The authors would like to thank Luke Flynn for a number of
insightful discussions in Phase I algorithm development, and Eric Vermote and Louis Giglio for
further guidance in Phase II. This document has been significantly revised since Version 3. The
primary areas in which changes have been made are:

1) Detail now given on the logical and mathematical structure of the detection and
temperature/area measurement algorithms

2) Updated VIIRS band names and associated saturation characteristics

3) Updated status of saturation handling strategy, including new details on the use of the
shortwave infrared (SWIR) bands

Raytheon SRBS Document #: Y3252 3
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2.0 EXPERIMENT OVERVIEW
2.1 OBJECTIVES OF ACTIVE FIRES RETRIEVALS

As pointed out in the MODIS Fire Products ATBD (Kaufman and Justice, 1998), fire is an
important process in many terrestrial biomes, and the release of gases and particulate matter
during biomass burning is an important contributor to the chemical reactions and physical
processes taking place in the atmosphere. Fire is a significant factor in the ecology of savannas,
boreal forests, and tundra, and it plays a central role in deforestation in tropical and sub-tropical
regions.

Severe fires have large impacts on climate changes. Fires change the physical state of the
vegetation, releasing a variety of greenhouse gases into the atmosphere. There is presently great
uncertainty as to the magnitude of the sources and sinks of these greenhouse gases. The release
of chemically reactive gases during biomass burning strongly influences chemical processes
within the troposphere. It is estimated that annual biomass burning may be associated with 38%
of the ozone in the troposphere; 32% of global carbon monoxide; more than 20% of the world’s
hydrogen, non-methane hydrocarbons, methyl chloride and oxides of nitrogen; and
approximately 39% of the particulate organic carbon (Levine, 1991; Andreae, 1991; Kaufman et
al., 1998a,b).

Satellite data have been widely applied to the monitoring of fires over vegetated land, especially
over forests. The Advanced Very High Resolution Radiometer (AVHRR), Geostationary
Operational Environmental Satellite (GOES), and Geostationary Meteorological Satellite (GMS)
have all been successfully utilized for monitoring severe fires in California, Brazil, China, and
Indonesia. The remote sensing of fire aftermaths has also received considerable attention, as fires
have a propensity for making abrupt, large-scale changes in the vegetation index (see Figure 1).

(DRIED AS3LAn0D)

Figure 1. Forest fire altering the landscape (from www.cnn.com).

The global distribution of active vegetation fires can be derived from AVHRR data, as seen in
Figure 2. The area of an active fire can be smaller than a square meter or larger than 100 square
kilometers.

Raytheon SRBS Document #: Y3252 5
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The Global Distribution of Active Yegetation Fires as Derived from NOAA—AYHRR Sotellite Data

Menitaring of Trepical Wegetation Unit, Space Applicaticns Institute, Joint Resecrch Centre of the European Commission, |spro, Kaly

01 April 19

Apr 1992

Figure 2. The global distribution of active vegetation fires as derived from
NOAA-AVHRR satellite data for April 1, 1999 (from NOAA web site).

Figure 3 shows the capabilities of GOES for fire detection. Active fires are highlighted based on
data from the midwave infrared (MWIR) band at 3.9 um. Smoke from the fires can be seen from
the visible band. Somewhat ironically of course, fire temperature and area measurement cannot
be conducted where the fire is obscured by smoke, however active fires are almost always fed in
part by strong winds, and these winds tend to blow smoke plumes clear of the majority of the
burning area, as seen in Figure 3.

6 SBRS Document #: Y3252 Raytheon
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Figure 3. GOES-8 visible/IR image used to detect fires
(red indicates active fires). From NOAA web site.

2.2 INSTRUMENT CHARACTERISTICS

The VIIRS instrument will now be briefly described to clarify the context of the descriptions of
the Active Fires Application presented in this document. VIIRS can be pictured as a convergence
of three existing sensors, two of which have seen extensive operational use at this writing.

The Operational Linescan System (OLS) is the operational visible/infrared scanner for the
Department of Defense (DoD). Its unique strengths are controlled growth in spatial resolution
through rotation of the ground instantaneous field of view (GIFOV) and the existence of a low-
level light sensor (LLLS) capable of detecting visible radiation at night. OLS has primarily
served as a data source for manual analysis of imagery. The Advanced Very High Resolution
Radiometer (AVHRR) is the operational visible/infrared sensor flown on the National Oceanic
and Atmospheric Administration (NOAA) Television Infrared Observation Satellite (TIROS-N)
series of satellites (Planet, 1988). Its unique strengths are low operational and production cost
and the presence of five spectral channels that can be used in a wide number of combinations to
produce operational and research products. In December 1999, the National Aeronautics and
Space Administration (NASA) launched the Earth Observing System (EOS) morning satellite,
Terra, which includes the Moderate Resolution Imaging Spectroradiometer (MODIS). This

Raytheon SRBS Document #: Y3252 7
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sensor possesses an unprecedented array of thirty-two spectral bands at resolutions ranging from
250 m to 1 km at nadir, allowing for currently unparalleled accuracy in a wide range of satellite-
based environmental measurements.

VIIRS will reside on a platform of the National Polar-orbiting Operational Environmental
Satellite System (NPOESS) series of satellites. It is intended to be the product of a convergence
between DoD, NOAA and NASA in the form of a single visible/infrared sensor capable of
satisfying the needs of all three communities, as well as the research community beyond. As
such, VIIRS will require three key attributes: high spatial resolution with controlled growth off
nadir, minimal production and operational cost, and a large number of spectral bands to satisfy
the requirements for generating accurate operational and scientific products.

Figure 4 illustrates the design concept for VIIRS, designed and built by Raytheon Santa Barbara
Remote Sensing (SBRS). At its heart is a rotating telescope scanning mechanism that minimizes
the effects of solar impingement and scattered light. Calibration is performed onboard using a
solar diffuser for short wavelengths and a V-groove blackbody source and deep space view for
thermal wavelengths. A solar diffuser stability monitor (SDSM) is also included to track the
performance of the solar diffuser. The nominal altitude for NPOESS will be 833 km. The VIIRS
scan will extend to 56 degrees on either side of nadir.

The VIIRS SRD places explicit requirements on spatial resolution for the Imagery EDR.
Specifically, the horizontal spatial resolution (HSR) of bands used to meet threshold Imagery
EDR requirements must be no greater than 400 m at nadir and 800 m at the edge of the scan.
This led to the development of a unique scanning approach which optimizes both spatial
resolution and signal to noise ratio (SNR) across the scan. The concept is summarized in Figure
5 for the imagery bands; the nested lower resolution radiometric bands follow the same paradigm
at exactly twice the size. The VIIRS detectors are rectangular, with the smaller dimension
projecting along the scan. At nadir, three detector footprints are aggregated to form a single
VIIRS “pixel.” Moving along the scan away from nadir, the detector footprints become larger
both along track and along scan, due to geometric effects and the curvature of the Earth. The
effects are much larger along scan. At around 32 degrees in scan angle, the aggregation scheme
is changed from 3x1 to 2x1. A similar switch from 2x1 to 1x1 aggregation occurs at 48 degrees.
The VIIRS scan consequently exhibits a pixel growth factor of only 2 both along track and along
scan, compared with a growth factor of 6 along scan which would be realized without the use of
the aggregation scheme. Figure 6 illustrates the benefits of the aggregation scheme for spatial
resolution.

8 SBRS Document #: Y3252 Raytheon
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Solar Calibration Port, Door and Screen
(ETM+/MODIS/SeaWiFS/VIRS)

Aft Optics )
(THEMIS) &N\

Blackbody (MODIS/VIRS)

Electronics Rotating Telescope Scan (SeaWiFs)

Modules
(ETM+/MODIS, .
SeaWiFS/VIRS) Velocity * Constant-Speed Rotating Telescope
r' * Simple All-Reflective Optics
Nadir * Proven Emissive/Reflective Calibration
Figure 4. Summary of VIIRS design concepts and heritage.
Imaging (“High-Resolution”) Bands
Nadir 2028 km 3000 km
* aggregate 3 samples « limit for aggregating 2 samples * no aggregation
* SNR increases by sqrt(3) * SNR increases by sqrt(2)
371 mI 605 m 800 m
H
131 m |m|
| 393 m | |—786 ~ | 800 m

Figure 5. VIIRS detector footprint aggregation scheme for building ''pixels."
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Figure 6. Benefits of VIIRS aggregation scheme in reducing pixel growth at edge of scan.

This scanning approach is extremely beneficial for the retrieval of land products such as Active
Fires, although the improved spatial resolution at the edge of the swath also increases the
chances of band saturation compared to other instruments such as MODIS.

The positioning of the VIIRS spectral bands is summarized in Figure 7 through Figure 10. Table
2 summarizes the saturation characteristics of the instrument in the bands relevant to Active
Fires. "Tmax" is the saturation temperature in the band. "Lbmax" is band radiance in Wcm™sr .
"Lmax" is spectral radiance in W m”sr'um”. "Rmax" is reflectance. The issue of saturation will
be addressed again in Section 3.3.2.3, as it has had a significant impact on the strategy for Active
Fires algorithm development. A detailed summary of the radiometric, spatial, and spectral
characteristics of VIIRS can be found in the VIIRS Sensor Specification [PS154650].

Table 2. VIIRS band saturation characteristics relevant to Active Fires.

Band Center Width Solar Tmax Lbmax Lmax Rmax
M7 0.8650 0.0390 310.2 1215 1.09E-03 278.78 0.899
M8 1.2400 0.0200 149.2 895 1.90E-04 95.14 0.638
M10 1.6100 0.0600 78.1 749 4.35E-04 72.45 0.928
M11 2.2500 0.0500 24 577 1.59E-04 31.76 1.323
M13 4.0500 0.1550 --- 634 6.27E-03  404.27 ---
M15 10.7625 1.0000 --- 343 1.71E-03 17.08 ---
15 11.4500 1.9000 - 340 2.93E-03 15.41 -
10 SBRS Document #: Y3252 Raytheon
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Active Fires

Spectral Band Response, Atmospheric Transmittance, Surface Reflectance, Solar Irradiance,
and Imaginary Part of Refractive Index for Water and Ice, Visible (V15) and Mear Infrared {NIR)

[Dotted line represents spectral response of ¥IIRE DNE]

1 A me mME 1 T 7y ﬁs “p? '““T 1.00E-05
3 i "
g 0.9 I =]
% e . B .n{
5 ) B 1 Iq M 1 1.00E-08 _
% 0.7 : -q! ' |I“(‘ | bﬁ. ’ E
E 06 .“_’_..-f'w oz " r g
E f"' Hzo o3 I l . . . | ?u
Y - . o ; I 1.00E-07 &
é // { ‘ 'l / H20 l H20 " 9\
£ 14 s
: 7 {77 R :
5 03 - = “ f | SV ! 2
= 1} i ] 4 | 5
0o L7 I I N R RV [k taoctm &
2 1 y s pN eI R :
£ o1 Rahin el oo ' 17 o
04 JE&C*‘—— —7 r = = e 1.00E-09
0.3 0.4 0.5 0.6 0.7 0.5 0.9 1
Wavelength {(microns)
YIRS T_atm R_¥eq R_Sail R_Smow R_water Zolar Irr K_YWater K_lce
Figure 7. VIIRS spectral bands, visible and near infrared (VNIR).
Spectral Band Response, Atmospheric Transmittance, Surface Reflectance, Solar Irradiance,
and Imaginary Part of Refractive Index for Water and Ice, Short Wave Infrared (SWIR)
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Spectral Band Response, Atmospheric Transmittance, Surface Reflectance, Solar/Emissive Radiance Fraction

for Cloud, and Imaginary Part of Refractive Index for Water and Ice, Mid Wave Infrared (MWIR)
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Figure 9. VIIRS spectral bands, midwave infrared (MWIR).
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2.3 RETRIEVAL STRATEGY

The Active Fires product is retrieved over land, both day and night, under clear conditions. Land
is defined as anything not categorized as ocean by the land/sea mask present in the VIIRS Cloud
Mask output. Day is defined by a solar zenith angle of 85 degrees or less. The only difference
between day and night processing is that the solar signal must be removed from the reflective
bands prior to implementation of the Active Fires algorithm. This removal will take place within
the Active Fires unit level code. “Clear” means that the pixel in question is classified by the
VIIRS Cloud Mask as either “clear,” “probably clear,” or "probably cloudy." If the pixel is
classified as "probably clear" or "probably cloudy," the VIIRS Land Quality Flag (LQF) output,
appended to the Surface Reflectance IP [Y2411], will include a flag indicating possible cloud
contamination. The VIIRS SRD requires Active Fires to be retrieved under conditions of
“broken clouds,” however this is interpreted to mean that the pixel in question may be
surrounded by cloudy pixels, yet itself is classified as “confident clear,” “probably clear,” or
"probably cloudy."

The VIIRS operations concept stipulates that four nominally reflectance-based bands—M7 (865
nm), M8 (1.24 um), M10 (1.61 pum), and M11 (2.25 um)—will be active both day and night to
facilitate the retrieval of the Active Fires product. These bands are crucial for the measurement
of fire temperature and area in instances of large and/or very hot fires, since the LWIR bands
saturate in such conditions. Table 3 summarizes the bands used for retrieval of the Active Fires
Application. Imagery resolution bands are presently being considered solely for detection
purposes, but the baseline algorithm relies on moderate resolution bands alone. Moderate
resolution bands are used for both detection and the measurement of fire temperature and area.
The hotter and/or larger the fire, the shorter the wavelengths necessary to retrieve its temperature
and area. Retrieval of fires during the 1730 (terminator) orbit will be of great use, as this is the
time during which fires typically reach their peak, after a day’s worth of solar heating.

Table 3. VIIRS bands used for Active Fires Application.

Center Nadir
Band Wavelength | resolution Usage for Active Fires
(im) (m)

M8 1.24 750 Temperature/area measurement for very hot/large fires
M10 1.61 750 Temperature/area measurement for very hot/large fires
M11 2.25 750 Temperature/area measurement for very hot/large fires

14 3.74 375 Detection (research level consideration)
M13 4.05 750 Detection/temperature/area measurement
M15 10.76 750 Detection/temperature/area measurement

15 11.45 375 Detection (research level consideration)
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3.0 ALGORITHM DESCRIPTION
3.1 PROCESSING OUTLINE

Figure 11 illustrates the general processing architecture for the Active Fires Application. The
moderate resolution brightness temperatures in bands M13 (4.05 um) and M15 (10.76 um) are
used for detection, and the moderate resolution brightness temperatures in bands M7 (865 nm),
M8 (1.24 um), M10 (1.61 wm), M11 (2.25 wm), M13, and MI15 are targeted toward the
subsequent fire/area calculations. The Surface Type [Y2402] and Vegetation Index [Y2400]
EDRs will aid in characterization of the background, and the Cloud Mask Intermediate Product
(IP, [Y2412]) includes sunglint detection to prevent false alarms over inland water bodies. More
detail on the box labeled "Calculation of Fire Temperature and Area," including the handling of
band saturation, is provided in Sections 3.3.2.2 and 3.3.2.3.

*Four “reflective” bands active both day and night

\X 865 nm
1.24 ym| Mod. Resol.

1.61 um| Brightness

4.05 um Mo_d. Resol.
10.76 um Brightness

T Temperatures 2.25 pm Temperatures
M~ 4.05 pym
Surface Type 10.76 pm
EDR A A
Background »| Fire Detection R _Calculatlon of
s g . » Fire Temperature
Y Characterization and Geolocation
o and Area
Vegetation 2
Index
EDR
~
. Active
Sunglint Fires EDR
Removal
A
Land Quality
Cloud Mask > Flag
Generation

Figure 11. Processing architecture for Active Fires Application.
3.2 ALGORITHM INPUT
3.21 VIIRS Data

The Active Fires product requires as input, at a minimum, the Calibrated TOA Brightness
Temperatures Sensor Data Record (SDR). This data flow includes both calibrated brightness
temperatures in the necessary bands and the required accompanying information, including
solar/viewing geometry and geolocation information. The Vegetation Index and Surface Type
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EDRs provide additional information that reduces errors in the characterization of the
background. The Cloud Mask IP output includes a sunglint flag.

Four additional types of inputs from VIIRS are expected to be required, but the handling of these
inputs has not yet been developed, and they are not shown in Figure 11. These inputs provide
information about surface properties, aerosols, clouds, and precipitable water that are very
important for correction of fire temperature and area calculations.

The Gridded Weekly Surface Reflectance (GWSR) IP will be required during the day, i.e., for a
solar zenith angle of 85 degrees or less. This product is already being generated for the purposes
of the Cloud Optical Properties EDRs. The algorithm for producing the GWSR IP is
summarized in the VIIRS Earth Gridding ATBD [Y7051]. When band M15 saturates, it will be
necessary to move into the shortwave infrared (SWIR) and possibly the near infrared (NIR) to
assist in the retrieval of fire temperature and area. During the daytime, the SWIR and NIR bands
are, in this context, contaminated by a solar reflective signal that depends on the surface type,
solar/viewing geometry, and atmospheric conditions. The GWSR IP, together with the
solar/viewing geometry for the pixel in question, may allow for algorithmic removal of this
reflective signal so that the emissive signal from the fire can be isolated for fire temperature/area
calculations.

The VIIRS Aerosol Optical Thickness [Y2388] and Suspended Matter [Y2390] EDRs will be
required as input to Active Fires processing, so that the effects of aerosols can be accounted for
in the retrieval of surface brightness temperatures. To first order, the aerosols will tend to scatter
the NIR and SWIR radiation and absorb in the MWIR and LWIR.

The VIIRS Cloud Effective Particle Size and Cloud Optical Thickness EDRs [Y2393] may be
required as input if correctable thin cirrus is present, however the calculation of these quantities
may be in question where fires exist. This issue will be discussed in more detail in Version 5 of
this ATBD.

Finally, the Active Fires Application will require knowledge of the atmospheric water vapor
present along the path between the surface and the sensor. VIIRS will be producing an EDR that
supplies this information [Y3257], however this EDR uses the MWIR and LWIR bands to
retrieve precipitable water, and if a fire is present, the output water vapor estimation will be
unreliable. Consequently, the baseline approach is to incorporate National Centers for
Environmental Prediction (NCEP) analyses for column water vapor.

3.2.2 Non-VIIRS Data

As mentioned above, the only non-VIIRS input expected to be required for Active Fires
processing is NCEP column water vapor.

3.3 THEORETICAL DESCRIPTION OF ACTIVE FIRES RETRIEVALS
3.3.1 Physics of the Problem

The physics underlying the retrieval of active fires is based on the enhanced thermal radiation
caused by the high temperatures associated with smoldering and flaming fires. The peak of the
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surface emitted radiance shifts to shorter wavelengths as the surface temperature increases. The
following sections detail the spectral and mathematical bases for fire retrievals.

3.3.1.1  Spectral Characteristics of Fires

Figure 12 illustrates the radiances typical of various types of fire/volcano scenarios at the Earth’s
surface, for nighttime conditions. The blackbody for a typical land surface temperature follows
the traditional trend of increasing radiance into the longwave infrared (LWIR). A cooling lava
flow is the next most similar curve, but its peak is well toward the midwave infrared (MWIR). A
very active fire covering a very small portion of the pixel will exhibit a peak around 5 um, and a
larger active fire with a surrounding smoldering region extending throughout the pixel will push
the peak of the blackbody curve down to 3 um. The flaming portion of a fire can get as hot as
1800 K, at which point the blackbody curve shifts into the shortwave infrared (SWIR).

=05 h 298K blackbody
E -
< 0.4 i
£
=
£
© 03+
=
E d
0.2 1
3 Cooling lava flow (15000 m?)
g 0.1 » 0.01% at 1373K, 99.99% at 573K (4000 m? hotspot)
g 3% at 1373K, 97% at 873K smoldering fire (400 m? hotspot)
04 1373K forest fire (40 m? hotspot)

3 4 5 6
Wavelength (pm)

-
N

Figure 12. Radiance characteristics of fires in the midwave infrared (MWIR)
portion of the spectrum, for nighttime conditions.

The sensitivity to active fires at 4.05 and 10.76 pum is different because of the different
atmospheric absorption properties and the different behavior of the Planck function at the two
wavelengths. As a fire becomes hotter or larger, its contribution to the total pixel radiance grows,
and by Wein’s displacement law it shifts into the shorter wavelengths. There are two general
states of an active fire: flaming and smoldering. Flaming tends to occur around an average
temperature of 1000 K, while smoldering tends to occur at a temperature of 600 K. These are
merely averaged values, but they are suitable for the discussion at hand. Using these typical
temperatures, one can calculate in the VIIRS bands what the maximum measurable area of
smoldering or flaming fire would be for a given pixel. Table 4 through Table 9 on the following
several pages summarize the capabilities of the relevant VIIRS bands heading into Phase II.
Each table reports the brightness temperature in a given band corresponding to the fire
temperature along the left and the fire area across the top. Brightness temperatures in red indicate
the band has saturated. The two outermost shaded columns in each table signify roughly where
the temperature/area measurement range resides when translated into VIIRS pixels at nadir
(ignoring 3x1 aggregation for the present). The two right-most shaded columns give a better
sense of what fraction of the area measurement range is met without saturation by a given band.
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The shorter wavelength bands are undergoing adjustments to the specified maximum radiance;
the results will be updated in Version 5 of this ATBD (saturation temperatures are only expected
to increase after this activity).
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NPOESS/VIIRS Active Fires

The VIIRS SRD categorizes the Active Fires Application as "Category IIB." The "II" indicates
that the threshold requirements are allowed to drive the VIIRS design, balanced against cost, so
long as the manifestation of these requirements does not endanger the quality of the Category I
EDRs, namely Sea Surface Temperature (SST) and Imagery. The "B" indicates that the
objective requirements should not be allowed to drive the design in any significant way.

These prioritizations have led to the current, optimized VIIRS design, which provides the best
value among over two dozen EDRs, but must do so at the expense of some EDR-specific
specialization in the hardware, particularly when SST or Imagery is traded against another
product. Since both SST and Imagery utilize the VIIRS LWIR bands, none of these bands can be
driven high enough to provide coverage of the entire fire temperature/area measurement range.
The best that can be done is M15, summarized in Table 9. Clearly, this band saturates for over
half of the temperature/area measurement range, and therefore cannot be utilized for quantitative
retrievals of temperature and area in all cases. Increasing the saturation temperature in M15
would cause the quantization to noise ratio (QNR) to become larger than 1, which has already
proven to be a problem for the SST community with regard to the MODIS Protoflight Model
(PFM), as that 11 um band has a saturation temperature of 400 K because of the MODIS fire
requirements. The MODIS Flight Model 1 (FM1), to be carried on Aqua, has a much lower
saturation temperature for this reason, and the same has been done for the VIIRS design. The
thermal imagery band on VIIRS—I5—is a key band for the Imagery EDR, and therefore also
does not possess enough flexibility to solve this dilemma.

Consequently, the VIIRS Active Fires algorithm must provide a data processing solution to
handle the saturation of the LWIR band. The approach adopted late in Phase I algorithm
development was to activate several NIR/SWIR bands at night, so that these bands could be used
together with MI13—which has been designed to cover the full fire temperature/area
measurement range—in instances where M15 saturates, both day and night. More detail on this
approach is provided in Section 3.3.2.3.

3.3.1.2 Historical Development of Fire Products

Matson and Dozier (1981) showed that simultaneous use of the 3.8 wm and 11 wm channels
provides the capability to detect high temperature sources such as steel plants and waste gas
flares, with the 3.8 wm channel particularly sensitive to such targets. Matson et al. (1984)
determined that one can utilize the temperature difference between the two bands to calculate the
area and temperature of a hot target. This alone does not guarantee that a fire has been detected,
but the transient nature of fires can be used to screen out industrial areas, as the latter subsist
from one snapshot of a given location to the next.

In an effort to begin characterizing the background environment surrounding a fire, Matson and
Holben (1987) investigated the use of the NDVI in addition to the MWIR-LWIR temperature
difference, and they found it to show good promise for burn scar detection and other similar
phenomena.

One of the challenges facing the early development of fire detection techniques was the difficulty
in applying any one algorithm globally. Until the past decade or so, most fire detection
techniques were simple threshold tests with the brightness temperatures and brightness
temperature differences in the available channels. This approach must be applied differently in
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forests than in savannas. The former tend to provide a relatively cooler environment for fires
than the latter, and any threshold optimized for one scenario will fail somewhat for the other. In
an attempt to surmount this problem, Franca et al. (1995) developed a multispectral methodology
based on NOAA-11 AVHRR data, to at least partially resolve the numerous problems with error
sources such as large surface heterogeneity, clouds, smoke, haze, background emissivities, and
so forth. Their technique obtained more realistic results, and did not overestimate or
underestimate the number of fires sensible by the satellite. This particular algorithm seems to
work fairly well in both savanna and forest environments. It starts with the identification of
candidate pixels using the channel 3 (3.7 um) threshold of saturation, around 320 K. Vickos
(1991) showed when there is no ambiguity between fire and its environment, this test alone is
sufficient. The Franca algorithm subsequently computes the brightness temperature difference
between channels 3 and 4, AT,, to check for cloud effects. A second difference between
AVHRR channels 4 and 5, AT, is applied to account for additional cloud effects. AT,, tends to
provide better separation of fires, whereas AT, allows fairly robust separation of fires from
clouds.

Harris (1996) derived a different approach, helping to signal a new paradigm for active fire
detection. Rather than applying straight thresholds, the algorithm attempts to develop a context
for the candidate pixel in question. The algorithm is applied to an image of AT,, First, it
calculates the difference between the center pixel and its immediate background, A(AT,,). The
immediate background is defined by centering a 3x3 pixel window on the target pixel and taking
the mean of AT,, for the eight surrounding pixels. A(AT,,) is then compared with the subimage
natural variation, which is defined as the maximum A(AT,,) for a fire-free portion of the
subimage. This fire-free portion is in turn defined by a fire-screened 45x45 km area taken from
top NE corner of the subimage. Fire screening is conducted by rejecting pixels detached from the
natural variation frequency distribution tail. If A(AT,,) is greater than the natural variation, the
pixel is flagged. About 22% false alarms were found with this approach, caused primarily by
industrial sources or clouds.

The transition to contextual fire detection was completed with Flasse and Ceccato (1996).
Placed in contrast with threshold techniques, their algorithm uses pixels in the immediate
neighborhood to derive a localized context for fire detection that is self-adaptive and consistent
over large areas and through different seasons. The algorithm has been successfully tested in
most areas of world. It works well because it is relative instead of absolute in nature, so that hot
savanna fires can be detected just as robustly as cooler forest fires without adjusting thresholds.
There are two stages to the algorithm: selecting candidate pixels (potential fires, PFs), and then
confirming or rejecting the pixel based on the behavior of its immediate neighbors. A pixel is
selected as a PF if T, > 311 K and AT,, > 8 K. The low threshold for the first test is set to avoid
rejection of cooler fires. A second test eliminates pixels where the reflectance in the near IR
channel, p,, is greater than or equal to 20%. This allows some screening of sunglint, bright soil,
and clouds.

The second stage of the Flasse and Ceccato algorithm works as follows. For each PF, statistics
are calculated for a variable sized context window (from 3x3 up to 15x15 pixels) around the PF.
The size of the window hinges upon having at least 25% of the neighboring pixels as
background, and at least three pixels must be eligible for the computation. If these conditions are
not met, the PF is rejected. Otherwise, the following quantities are computed:
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T,,, the mean of the channel 3 brightness temperature T, for the fire background
0., the standard deviation of the channel 3 brightness temperature for the fire background

T.,,, the mean of the difference between the channel 3 and channel 4 brightness temperatures, T,
and T, for the background

0., the standard deviation of the difference between the channel 3 and channel 4 brightness
temperatures for the background

Finally, the contextual test is applied. A PF is confirmed to be a fire when
T, - (T,,+20,)>3K
and

T34PF > T34b + 26T34b

The success of contextual fire detection methods in recent years has led to the adoption of the
methodology for the MODIS Fire Products, described in Kaufman and Justice (1998). Briefly,
the MODIS fire detection algorithm works as follows:

1) Cloud detection and scan angle. The MODIS cloud mask and a 45 degree scan angle
cutoff are used to disqualify pixels for subsequent processing.

2) Atmospheric correction. The brightness temperatures in the 4 um and 11 um bands, T,
and T, respectively, are corrected for gaseous absorption.

3) Background characterization. This follows Flasse and Ceccato (1996), only it allows the
window to be sized as large as 21x21 pixels. Energetic fire pixels are eliminated from
analysis if T, =T,- T,, =2 20 K (10 K at night) and T, > 320 K (315 K at night). If these
tests are passed, then the statistical parameters T,,, 6T,, T,, 8T, T,, and 8T, are

calculated, where the subscript b denotes a mean and the prefix & denotes a standard
deviation.

4) Fire detection. If T, < 315 K (305 K night) or T,, < 5K (3K at night), the pixel is rejected.
If 8T, and 8T, are less than 2K, they are set to 2K. The pixel defined to contain an active
fire if following conditions are met:

{[(T,>T, +48T,) or T, > 320 K (315K at night)] and
[(T,>T,, +40AT,) or T, > 20 K (10K at night)]}
or {T, > 360 K (330 K at night) }

5) Glint exclusion. A fire pixel is excluded during the day if the reflectance in the red band,
Poe» 18 greater than 0.3 and the reflectance in the near IR band, p,,, is greater than 0.3,
and the glint angle is less than 40 degrees. This is the end of MODIS Level 2 processing
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for fires. Further processing is MODIS-specific and targets the emitted energy, as well as
identification of the smoldering/flaming stage.

Raytheon has built some heritage with fire detection recently as part of efforts with the Hazard
Support System (HSS). Raytheon (1998) summarizes the trades that went into the selection of
fire detection algorithms for the HSS. These trades are summarized in Table 6.

Because of its clear advantages over older threshold techniques, the contextual analysis approach
was adopted by Raytheon for the HSS. Two algorithms were selected, one based on Prins and
Menzel (1992), Flasse and Ceccato (1996), and reported in Justice in Dowty (1993), and the
other based on a similar approach developed at NASA/GSFC for use with AVHRR 1 km data.
The primary algorithm proceeds in the following sequence:

1) Geolocation
2) Calibration

3) Cloud masking (using Saunders and Kriebel (1988) for AVHRR, Prins and Menzel
[1996b] for GOES)

4) Threshold fire test
5) Sunglint rejection
6) Contextual fire detection

For the threshold fire test, it was recommended that values be defined by month, and that a
weekly NDVI product be incorporated for background characterization. The sunglint rejection
uses red and near IR reflectances, much in the same manner as for MODIS. The contextual fire
detection uses windows ranging in size from 3x3 to 15x15 pixels.
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Table 10. Algorithm trades conducted by Raytheon for the Hazard Support System (HSS).

Author of Algorithm

(Year) Type Reported Performance
Matson and Dozier | Fixed threshold | Detection of steel mills and oil field gas flares.
(1981) Wildfire detection not part of experiment.
Flannigan and Fixed threshold | AVHRR fire detection success: 80% not obstructed by cloud
Vonder Haar (1986) or smoke. Fires under 10 acres detected 12-14% of the time.
Kaufman et al. Fixed threshold | AVHRR false positives: 10% (Melinotte and Arino, 1995)
(1990)
Setzer and Pereira Fixed threshold | AVHRR fire detection success: 96% of detected fires were
(1991) verified and no reports of missing fires.
Lee and Tag (1989) | Lee and Tag Unknown
Prins and Menzel Spatial analysis | Unknown

(1992)

Justice and Dowty
(1993)

Spatial analysis

AVHRR fire detection success: 37.5% (Elvidge et al. 1997)

Flasse and Ceccato
(1996)

Spatial analysis

AVHRR false positives: 15% (Flasse and Ceccato, 1996).
AVHRR fire detection success: 37.5% (Elvidge et al. 1997)

Prins et al. (1996)

Spatial analysis

GOES 8 fire detection success: 22.2% (Elvidge et al. 1997).
Minimum size fire detected: 10 acres.

3.3.2 Mathematical Description of VIIRS Approach

3.3.2.1 Fire Detection

The baseline VIIRS fire detection algorithm is an extension of the MODIS contextual analysis
heritage. It proceeds as follows:

1) Calibration and Geolocation. The VIIRS Build SDR Module generates the Calibrated

2)

TOA Brightness Temperatures Sensor Data Record (SDR), which includes TOA
brightness temperatures for all bands relevant to Active Fires. This SDR also includes
appended geolocation and solar/viewing geometry information for each pixel. We thus
have the TOA brightness temperatures in bands M13 and MI15—T,, and T, ,
respectively. If either band is saturated, the corresponding TOA brightness temperature is

set to the saturation brightness temperatures in that band.

Surface Type, Cloud, and Sunglint Masking. If the Surface Type EDR indicates the pixel
is water, permanent snow/ice, or urban, processing ceases. The VIIRS Cloud Mask IP is
checked for the presence of cloud or sunglint. If the relevant individual tests categorized
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3)

4)

5)

6)

the pixel as definitely clear, processing continues to Step 3. If the relevant individual tests
categorized the pixel as definitely cloudy and not thin cirrus, processing ceases, and all
Active Fires fields are filled with predefined "missing" values. If the relevant individual
test categorized the pixel as probably clear or probably cloudy, processing continues, and
the Land Quality Flag (LQF) output will indicate possible obscuration by cloud. The
performance specification is not guaranteed in that case. If the relevant individual tests
categorized the pixel as contaminated by correctable thin cirrus, a thin cirrus correction
will be applied to generate new values of T, and T,;, and processing continues, with the
pixel flagged by the LQF output, and the performance specification is not guaranteed. If
the Cloud Mask categorizes the pixel as contaminated by sunglint, processing ceases.

Atmospheric Correction. NCEP column water vapor (and possibly some source of
column CO,, a topic to be explored in later versions of this ATBD) are used to correct T,
and T, to surface brightness temperatures 7', and T ..

Identification of Potential Fires. Let A, =T, -T, If T, <T, orA, <A, then the pixel
is rejected. Otherwise, the pixel potentially contains a fire and processing continues. The
baselines for 7,, and A , are yet to be determined; the MODIS values cannot be assumed
as starting points, because the VIIRS bands have different spectral and spatial
characteristics.

min®

Background Characterization. A WxW pixel window is generated around the pixel in an
attempt to construct a background characterization. This window may range from
W xW uptoW xW _pixelsin size. The current baselines for W and W _are 3 and
21, respectively. At least £, of the neighboring pixels must qualify as background, where
f... 1s in percent. At least N . of the neighboring pixels must qualify as background. The
current baselines for f,. and N, are 25% and 3, respectively. A pixel qualifies as
background if it is not a potential fire pixel (using the criteria of Step 4), is not
contaminated by cloud (as defined in Step 2; thin cirrus and atmospheric corrections are
also applied to background pixels), and is of the same surface type as the central pixel
under consideration (information supplied by the Surface Type EDR). For any pixel in
which either band is saturated, the corresponding brightness temperature is set to the
saturation temperature for that band. If the £, and N, . criteria cannot be met, the pixel is
rejected. If the f ~and N, criteria are met, the following statistical quantities are
computed for all background pixels: the mean brightness temperatures in M13 and M15,
denoted by u,, and p,, respectively; the standard deviations in the brightness
temperatures in M13 and M15, denoted by o,, and o,., respectively; the mean difference
between the brightness temperatures in M13 and M15 (T, — T ,), denoted by ,;; and the
standard deviation of the difference between the brightness temperatures in M13 and

M15, denoted by o,

Fire Detection. The pixel is defined to contain an active fire if one of the following two
conditions applies:

a. (T,>u,+40,)or(T,>T

crit

Jland [(4, > 1, +40,) or (4, > 4,,)]

b. T,>T

abs
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The quantities 7, A

crit® crit?

algorithm development.

and T, are still to be determined (TBD) during the course of VIIRS

3.3.2.2 Subpixel Average Fire Temperature (SAFT) and Subpixel Fire Area (SFA)

Once a pixel has been categorized as containing an active fire by the technique summarized in
Section 3.3.2.1, computation of subpixel average fire temperature (SAFT) and subpixel fire area
(SFA) commences. The technique for computing SFA and SAFT is an extension of that
introduced by Dozier (1981), using modifications suggested by Giglio and Kendall (2000).

The spectral radiance at the top of the atmosphere can be approximately represented as:

R, =fle,7,B,(T,.) + path_R, |+ (1~ f)le,7,B,(T,,) + path _R, ]|

=&,7,[/B,(T,.) + (1= ))B,(T,) ]+ parh _R, M
where
f: fraction of pixel covered by fire;
£ surface emissivity at the wavelength A;
T,: atmospheric transmittance at the wavelength A from the surface to the top of

the atmosphere;

B;: Planck function at the wavelength A;

the temperature of the active fire;

the surface temperature of the background ;
path R, : pathradiance, contributed by the atmosphere.

Theoretically, two equations formed by satellite measurements for two bands located at 4.05 pum
and 10.76 um can facilitate the measurement of subpixel fire area and temperature, so long as we
borrow information from neighboring pixels for the characterization of the background. In order
to do so, we must reduce the number of unknowns in (1) to two, yielding a system of two
equations that can be solved for two unknowns. In the strictest sense, (1) abounds with
unknowns. The fire fraction f, the spectral emissivity &;, the atmospheric transmittance 7, the
fire temperature T, the background temperature 7,, and the path radiance path_Rj are all
unknown parameters. The key is to make several assumptions, combined with the attempted
retrieval of the remaining parameters not fully addressed by the assumptions.

The two parameters being sought are f and 7, .. These are therefore assumed to remain unknown
in the simplification of (1). A hidden assumption in (1) is that spectral emissivity & is the same

for both the fire and the background. A fire with sufficient path length through the flames will
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indeed behave much like a blackbody, and in the LWIR most surfaces have an emissivity very
close to 1. But in the MWIR, some surfaces depart substantially from blackbody behavior, as
seen in Figure 9. Most prominent is the behavior of soil. This has significant implications for
brush or agricultural fires, where a substantial soil signal is present in the weighted surface
emissivity. In an attempt to account for the variability of emissivity, the VIIRS algorithm will
incorporate the Surface Type EDR to allow a refinement of the emissivity estimate for M13 and
MI15. This essentially converts &; into a known parameter, albeit with some level of error.
Estimates of this error will be presented in a later version of this ATBD.

The primary gases affecting 7; are water vapor and carbon dioxide. Water vapor is by far the
more important of these two gases, having a substantial effect on the radiances in both M13 and
M15. Carbon dioxide primarily affects M13, but the degree to which this alters the TOA
radiances has not yet been comprehensively measured in the VIIRS algorithm development
effort. If further sensitivity studies indicate a strong dependence on column CO2, which of
course will be more volatile in regions associated with biomass burning, an attempt may be made
to incorporate a corresponding input into the VIIRS fire temperature/area measurement
algorithm. For the present, water vapor is considered the only significant parameter. This
information will be incorporated via the operational NCEP. These data will be used to determine
7; and convert it into another known parameter, with some associated level of error in the
measurement.

Path radiance is caused by two principal effects: atmospheric scattering of downwelling and
upwelling radiation, and atmospheric emission. An assumption is made for the VIIRS algorithm
that neither of these is significant compared to the dominant signal in the MWIR or LWIR. In the
LWIR, the background signal is expected to be much larger than the path radiance. In the
MWIR, the fire signal is expected to be much larger than the path radiance. Complications arise
when the LWIR saturates, and the algorithm must switch to the SWIR. This and other issues with
using SWIR data will be discussed in Section 3.3.2.3. When the LWIR signal is unsaturated,
however, the path radiance is considered negligible and is therefore ignored.

This leaves three unknowns in the system of equations represented by (1): f, T,,, and T,.
Following Dozier (1981), we assume that 7, can be determined from surrounding, non-fire
pixels. The VIIRS Surface Type EDR will allow us to use only surrounding pixels with the same
surface type as the central pixel for retrieving 7, . This will allow for substantial reduction in the
errors associated with 7, , some of which are discussed in Giglio and Kendall (2000). The result
is an set of two equations with two unknowns—f and 7T, . A number of different numerical
approaches can be used to solve these equations; the exact choice will be presented in Version 5
of this ATBD.

3.3.2.3 Saturation Handling

As is clear from Table 9, a significant portion of the fire temperature/area measurement range
will saturate band M15. In these instances, fire detection is still viable, but temperature and area
measurement become much more difficult. As was discussed in Section 3.3.1.1, it was not
possible to mitigate this problem within the best-value system optimization solution for VIIRS.
The burden therefore falls upon the algorithm to circumvent the saturation of M15 and still
deliver estimates of fire temperature and area.
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Late in Phase I algorithm development, the algorithm team worked with the sensor team to
implement a hardware solution that might eventually yield a workaround in instances where M 15
saturates. Specifically, the sensor specification calls for the activation of bands M7, M8, M10,
and M11 both day and night. Let us now consider what occurs in these bands when band M15
saturates, moving from longer wavelengths to shorter ones.

M15 saturates at a TOA brightness temperature of 343 K (Ignoring the 20% overhead applied in
the sensor design process). From Table 9, one can get a sense of what combinations of fire
temperature and area cause this to happen, ignoring atmospheric attenuation. It is immediately
apparent from Table 7 that band M11 does not help much in this situation. As a result, the
importance of M11 has dropped substantially in the development of the Active Fires algorithm.
M13, on the other hand, has been specifically designed to cover the entire temperature/area
measurement range. This was possible because of the tractability of dual gain in the
SWIR/MWIR focal plane. This tractability does not exist in the LWIR.

Now consider the data in Table 6, for band M10 (1.61 pum). In this band, saturation occurs for
larger fires than for M15, although for smaller fires with very high temperatures, saturation
actually occurs earlier in M10. In these instances, one would switch to band M8 (1.24 um),
which covers almost the entire measurement range. The strategy would be to use M13 as a pivot
point. For fires that do not saturate M15, M13 and M15 would be used in (1) to derive fand 7,,..
For fires that saturate M15, M13 would become the longer-wavelength band in (1), and M10
would become the shorter-wavelength band, until M10 saturates. At that point, the algorithm
would switch to M8. For the most extreme cases, M7 (865 nm) would be used.

There are three significant hurdles to overcome with this new approach to fire temperature and
area measurement. First, the system of equations in (1) becomes more unstable when the LWIR
is abandoned, because most of the information in both bands being considered originates in the
fire, and not in the background. Second, the scattering contributions to the path radiance become
more significant the shorter the wavelength of the bands used in (1), causing the assumption that
this term can be neglected to break down. Third, daytime retrievals will be contaminated by a
solar reflective signal in the NIR and SWIR, and terminator orbit retrievals will be affected by a
solar reflectance contribution that, while small, is significantly more difficult to pin down. If
these three problems can be overcome algorithmically, the NIR/SWIR mitigation strategy for
saturation in the LWIR should yield very useful measurements of f and 7, . Whether these
measurements are of sufficient quality to meet the EDR specifications remains to be proven.

To mitigate the increased effects of scattering in the SWIR and NIR, a climatological aerosol
optical thickness correction might prove quite useful. During the day, the VIIRS Aerosol Optical
Thickness EDR will be based in part on the radiance contaminated by the fire, rendering it
unreliable as a correction source. At night, a direct measurement of optical thickness is not
available. Persistence from the daytime measurements of aerosols might prove more robust than
a climatology. Neither effect will account for aerosols associated with the burning itself.

To mitigate the effects of the solar reflective signal, the Gridded Monthly Mean Reflectance 1P
will be utilized, in combination with the solar/viewing geometry for the pixel in question. The
errors inherent in this process have not yet been explored.
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To address the issue of mathematical instability in the system of equations represented by (1), it
may be worthwhile to incorporate more than two bands into the calculation. Both M7 and M8
cover most of the fire/temperature area measurement range without saturation. In fact, recent
updated flowdown for band saturation in M8 will likely cause it to cover the entire measurement
range without saturation. This may allow the simultaneous usage of M7, M8, and M13 in (1)
whenever M 15 saturates. Whether this adds sufficient stability to the calculations is unclear, but
it might also allow for better handling of path radiance.

3.3.2.4 Burn Scar Detection

Raytheon proposes to consider the addition of another parameter to the Active Fires
output—burn scar detection. The spectral data and EDR products needed for this activity are
already available in the VIIRS system, e.g., in the Vegetation Index and Surface Type EDRs and
the large number of spectral bands in the reflected solar wavelengths. If this parameter is added
to the Active Fires Application, it will be described in more detail in Version 5 of this ATBD.

3.4 ALGORITHM SENSITIVITY STUDIES

Because of the late arrival of the Active Fires product into the VIIRS requirements, and also
because of its relative prioritization against other VIIRS EDRs, detailed sensitivity studies are
still pending as a Phase II task. This activity will draw heavily upon the MODIS validation and
verification infrastructure, to allow for a low-risk, low-cost system solution to be developed for
VIIRS. Some information can be gleaned from simulations, however the behavior of real fires is
difficult to emulate in an artificial environment. Sensitivity studies will be targeted toward the
error sources identified and described in the following subsections.

3.41 EDR Requirements

Table 11 lists the requirements specified by the Integrated Program Office (IPO) for the Active
Fires product. The threshold requirements have been adopted as the VIIRS system specification
for Active Fires. The meeting of these specifications is carried as a moderate risk at this writing,
pending verification of the algorithm performance using real and simulated data in Phase II and
beyond.

Raytheon is currently considering a formal request to loosen the lower bound on the area
measurement range, possibly from 100 m2 to 1000 m2, based on discussions with NASA and
NOAA fire detection/measurement experts. As of this writing, the issue has not been resolved;
its eventual resolution will be addressed in Version 5 of this ATBD.
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Table 11. VIIRS SRD prescribed requirements for the Active Fires product (TBD=to be
determined; TBR=to be reviewed).

SRD Parameter Threshold Objective
Parameter No.
. Horizontal Cell Size

N/A 1. At nadir 1 km (TBR) 0.5 km (TBR)

N/A 2. Worst case 2 km (TBR) 0.5 km (TBR)

N/A . Horizontal reporting interval (TBD) (gapless or near | (TBD) (gapless or near
gapless coverage of gapless coverage of
land areas required) land areas required)

N/A . Horizontal coverage Land Land

. Measurement range

N/A 1. Sub-pixel average 800 K-1200 K 800 K-1200 K

temperature of active fire

N/A 2. Sub-pixel area of active fire | From 100 m2 to 50 m by | From 50 m2to 100 m by
greater of pixel in-scan | greater of pixel in-scan
and in-track dimensions | and in-track dimensions
(TBR) (TBR)

e. Measurement Uncertainty

N/A 1. Sub-pixel average 50 K (TBR) 25K (TBR)

temperature of active fire

N/A 2. Sub-pixel area of active fire | 30% (TBR) 15% (TBR)

N/A f. Mapping Uncertainty 0.2 km (TBR) 0.1 km

N/A g. Maximum local average revisit | 6 hrs 1hr

time

N/A h. Maximum local refresh (TBD) (TBD)

N/A i. Minimum swath width (all 3000 km (TBR) (TBR)

other EDR thresholds met)

3.4.2 Performance Metrics

The SRD requirements set the limits for an error budget in the Active Fires product. There is one
key parameter in Table 11 that directly constrains the allowable errors in the Active Fires
product: uncertainty, both for subpixel fire temperature and subpixel fire area. Appendix A of the
VIIRS SRD defines the uncertainty metric for assessment of EDR algorithm performance.

Consider a single true value T of an EDR product at the HCS. A satellite-borne sensor will
produce data which can be transformed through a retrieval algorithm into an estimate X, of 7,
where the index i indicates that any arbitrary number N of such estimates can be made. Various
error sources along the pipeline between the true value 7 and the measured value X, will cause X,
to deviate from 7.
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The uncertainty U, is defined in the VIIRS SRD as:

SRD

1 N ) %
Usro :(NZ(XI'_M) J (2)

i=1

The uncertainty is therefore alternatively known as the root mean square (RMS) error between
the measurements X, and the true value 7.

As mentioned in the SRD, the definition of uncertainty given in (2) is idealized, because it
assumes a single value of 7. In reality, (2) cannot be implemented, because there is an infinite
number of possible values for 7, each possible value is likely to be manifested as truth only once,
and we cannot hope to pinpoint 7 to arbitrary accuracy.

The practical implementation of the SRD definition is to bin the possible values of 7" into small
ranges that are large enough to provide a statistically significant number of test points, but small
enough not to be dominated by natural variability. The simplest result is a modification of (2)
into the following:

1 N ) %

i=l1

Thus, the single value of 7" in the SRD uncertainty definition is now changed to the particular
true value 7, corresponding to the measurement X,. Equation (3) now exactly corresponds to the
RMS error. This is a common statistical measure of algorithm performance. Interestingly, only
the fire temperature and area are constrained by uncertainty requirements. No quality metric is
assigned to fire detection. Were such a metric in place, it would best be couched in terms of a
correct typing probability, similar to that for Surface Type or Snow Cover. In future versions of
this ATBD, fire detection performance will be gauged in these terms for completeness.

3.43 Individual Error Sources for Investigation

The Active Fires product is subject to several sources of error. The sensitivity of the algorithm to
these error sources was not explored in detail in Phase I, however they can be identified and
briefly described here. Phase II algorithm development efforts will center around an assessment
of these error sources in the context of the algorithm described in Section 3.3.

Sensor Errors

There are several key parameters associated with the VIIRS instrument that affect its ability to
facilitate sound fire retrievals. These include calibration, sensor noise, saturation, spectral
content, geolocation, MTF effects, and band to band registration. Calibration will be handled
post-launch via monitoring of gas flares, in much the same way MODIS is approaching the
problem. Sensor noise in the VIIRS spectral bands is minimal due to the stringent requirements
for Aerosol, Surface Temperature, and Ocean Color EDRs. Saturation has already been
discussed at length. Spectral content is superb for VIIRS; the reflectance-based bands that will be
active at night are hoped to provide a new level of capability for temperature and area
computations. Geolocation and misregistration effects should be minimal due to the driving
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requirements for other EDRs, especially NDVI and Snow Cover, but coregistration is extremely
important for fire retrievals, and so this issue must be thoroughly explored for the Active Fires
EDR. VIIRS will employ the MODIS/Landsat geolocation algorithm, which exhibits excellent
performance after post-launch calibration. MTF effects in the imagery bands will be minimized
by the Imagery EDR requirements, however these are not used in the baseline Active Fires
algorithm. The MTF performance of the moderate resolution bands is somewhat looser, which
actually helps from a saturation standpoint, but it also smears the signal being measured. This is
particularly important in the presence of clouds. Each of these effects will be gauged and
monitored as the VIIRS design evolves into fabrication in Phase II and beyond, and the results
will be recorded in future versions of this document.

Cloud Contamination

The presence of clouds can cause spurious signals in the MWIR that appear as fires if not
properly accounted for. Threshold techniques are very sensitive to these effects. The VIIRS
algorithm will benefit from a wealth of spectral data that are expected to minimize this error, and
the VIIRS Cloud Mask is expected to be quite accurate by the time the first VIIRS is flown,
because of the tremendous advances being made in cloud masking using MODIS data. At the
least, the robustness of the "confident clear" category should be quite good for VIIRS, and this is
the only category for which Active Fires performance is guaranteed. Performance in other
situations will be evaluated as opportunities arise for a mature assessment.

Smoke

It seems at first amusing that the Active Fires product cannot be retrieved for pixels obscured by
smoke. The problem is real and straightforward, however: if the surface cannot be seen, then the
fire temperature and area cannot be calculated, nor can a fire even be detected for certain. From
an operational standpoint, the smoke itself will raise a flag on its own. It must also be
remembered that most fires occur in the presence of strong winds, and indeed if one surveys the
large number of satellite images containing fires, the corresponding smoke plumes are almost
always blown great distances in some direction away from the fire, exposing the active core of
the fire itself. Still, some haze will be present over the fire to contaminate the brightness
temperatures, and this effect must be properly examined.

Bright Soils

The brightest surfaces in visible imagery are typically snow or desert sand. In the near infrared,
dense vegetation is very bright. But in the SWIR and MWIR, soils are often the brightest
surfaces, and in fact soils combined with erratic vegetation cover, such as in agriculture or
savannas, can be bright enough in the MWIR to be mistaken for fires. Fortunately, VIIRS
possesses a large amount of spectral information that can be used to filter out occurrences of
bright soils or non-burning savannas, and the Surface Type EDR will also be of assistance in this
regard. Nevertheless, this effect will need to be quantified as part of the Active Fires error
budget.

Sunglint

One would not expect a high frequency of fires over the oceans, where sunglint has an
established reputation, but even a river or lake can exhibit enough sunglint to induce errors in a
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fire detection algorithm. Most fire detection algorithms incorporate a sunglint rejection routine.
For VIIRS, this will be straightforward, since the Cloud Mask already contains two separate
sunglint tests, and the output of these tests is made available to all downstream EDRs. Active
Fires will therefore benefit from a system-level solution that must also satisfy the demanding
needs of Ocean Color/Chlorophyll and Sea Surface Temperature users, and sunglint rejection
should be quite effective at reducing errors in the detection and measurement of fires. The VIIRS
land/sea mask will also be of great use in this endeavor.

Atmospheric Effects

The detection of fires relies primarily on the MWIR and LWIR bands, which unavoidably
contain significant water vapor absorption features. CO, may also be a significant factor in band
M13. As discussed in Section 3.3.2.1, atmospheric correction is a key step in the fire detection
logic. It is expected that NCEP water vapor analyses will be of sufficient quality to make this
error tolerable, but this will need to be verified. For the SWIR bands, water vapor absorption
becomes significantly less important, but aerosol scattering plays an increased role. Once a
strategy is established for correcting aerosol effects in the SWIR bands as part of fire
temperature/area retrieval, sensitivity studies will be conducted to assess the magnitude of the
residual errors.

Surface Heterogeneity

The phrase “background characterization” is often loosely used to describe a pivotal part of any
fire detection algorithm, however this is not a trivial exercise, for the same reason that many
land-based products carry significant uncertainty: surface heterogeneity. The background around
an active fire is often not describable by a single parameter or surface type designation, and this
leads to errors, especially in fire temperature and area computation. Surface heterogeneity will
cause variability in both emissivity and background temperature, both of which are assumed to
be known quantities in the application of (1). These effects will need to be assessed before a
complete error budget can be constructed.

Natural Variability of Fires

Lastly, but certainly not the least important, are the variations in fires themselves. As already
indicated earlier in this document, there are two general regimes for fires—smoldering and
flaming. But the spread of temperatures for either scenario is significant. Flaming fires can range
over hundreds of degrees K, and smoldering fires can range from 400 to 800 K. This kind of
volatility will inevitably lead to some difficulty in pinning down the actual temperature and area,
so that even the seemingly “simple” requirement of 50 K uncertainty in fire temperature becomes
challenging. These kinds of errors, as with all other important sources of uncertainty, will be
explored in Phase II using MODIS combined with higher-resolution satellite data.

3.5 PRACTICAL CONSIDERATIONS
3.5.1 Numerical Computation Considerations

Paragraph SRDV3.2.1.5.4-1 of the VIIRS SRD states the following:
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“The scientific SDR and EDR algorithms delivered by the VIIRS contractor shall
be convertible into operational code that is compatible with a 20 minute
maximum processing time at either the DoD Centrals or DoD field terminals for
the conversion of all pertinent RDRs into all required EDRs for the site or
terminal, including those based wholly or in part on data from other sensor
suites.”

RDR here stands for Raw Data Record. This essentially means that any and all EDRs must be
completely processed from VIIRS raw data, including calibration and georeferencing, within 20
minutes from the time the raw data are available. This requirement is a strong reminder that
VIIRS is an operational instrument.

The Active Fires product exists primarily as a science requirement, however its operational
utility is clear, and the HSS provides an excellent example. The kinds of branching decisions
involved in the fire detection algorithm can have a more significant impact on computing time
than one might first expect, however it is expected that the VIIRS coding effort will produce
code that is efficient enough to be used operationally. A principal task for Phase II or beyond is
to ensure that solving the system of equations in (1) does not become unstable or require
excessive iterations.

3.5.2 Programming and Procedural Considerations

The VIIRS Active Fires code will be developed in concert with developments from MODIS, and
its operational aspects will be patterned as much as possible from the HSS processing
architecture. These two heritages should reduce the need for extensive programming and
procedural resources for the VIIRS Active Fires product. VIIRS Phase II efforts are largely
software-focused, and the methodology for this development work is based on sound and proven
principles, as discussed in the VIIRS Algorithm Software Development Plan [Y6635]. The
present maturity of the VIIRS software is detailed in the VIIRS Algorithm Software Maturity
Assessment document [Y6661]. The maturity and remaining Phase II tasks for the algorithms
themselves is summarized in the VIIRS Algorithm/Data Processing Technical Report [Y7040].
The software designs relevant to Active Fires are summarized in the VIIRS Context Level
Software Architecture [Y2469], Land Module Level Software Architecture [Y2474], Land
Module Level Detailed Design [Y2483], and Active Fires Unit Level Detailed Design [Y3283].
These designs will be tested at the system level as described in the most recent versions of the
VIIRS Software Integration and Test Plan [Y3236], Algorithm Verification and Validation Plan
[Y3237], and System Verification and Validation Plan [Y3270]. A summary of the ultimate
strategy for operational application of the system of VIIRS algorithms is provided in the VIIRS
Operations Concept document [Y2468]. The VIIRS Interface Control Document (ICD [Y2470])
provides more detail on the specifics of ancillary data requirements for Active Fires and other
VIIRS products.

3.5.3 Configuration of Retrievals

The Active Fires Application will be configured in tune with the Land Quality Flag (LQF) output
appended to the VIIRS Surface Reflectance IP [Y2411]. More detail on the exact nature of this
configuration will be provided in Version 5 of this ATBD, but a baseline is suggested in the fire
detection logic presented in Section 3.3.2.1.
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3.54 Quality Assessment and Diagnostics

While the LQF output will be the primary descriptor of the Active Fires Application quality, it
will be necessary from time to time to run diagnostics on overall algorithm performance,
particularly to track calibration behavior in M13, which will not be calibrated for the high
radiance range until post-launch observations of gas flares are available. Recommendations on
this strategy will be provided in Version 5 of this ATBD.

3.5.5 Exception Handling

Where the LQF output indicates Active Fires should not be retrieved, the EDR fields will be
filled with predefined "missing" values. This will be detailed further in Version 5 of this ATBD.

3.6 ALGORITHM VALIDATION

Validation of the VIIRS Active Fires product will follow the lead of validation for the HSS and
for MODIS. For the latter, extensive pre-launch campaigns are already available, including
MODIS Airborne Simulator (MAS) scenes such as those from the SCAR campaigns. NASA
intensive field programs in South America and Africa are being conducted and will continue into
the MODIS era, and EOS test sites are established in part to deal with the investigation of fires.
AVHRR and GOES also provide platforms for algorithm testing, and the operational use of the
HSS will play into validation activities as well. More detail will be provided in Version 5 of this
document.
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4.0 ASSUMPTIONS AND LIMITATIONS
41 ASSUMPTIONS

The following assumptions are made with respect to the retrievals described in this document:

1) The VIIRS Cloud Mask functions at a high level of accuracy, including the treatment of
cirrus and the identification of sunglint

2) The VIIRS reflective bands at 865 nm, 1.24 um, 1.61 um, and 2.25 um will be active at
night (this is in fact the case in the system and sensor specifications)

3) Dual gain will be implemented for the 4.05 um band to decouple Fires from Sea Surface
Temperature, since the latter would take precedent in any inter-algorithm trades

4) The saturation values for each of the bands associated with the Active Fires product will
be retained at their current levels or increased

4.2 LIMITATIONS
The following limitations apply to the at-launch retrievals of described in this document:

1) Active Fires retrievals in the presence of extreme aerosol loading or smoke will be
questionable, and spec performance is not guaranteed in these circumstances.

2) Active Fires retrievals for broken clouds (where the central pixel is considered clear or
probably clear) may suffer from MTF effects that drive performance below spec; this has
not yet been established either way

3) The maturity of using the SWIR bands is quite low at this writing, and must therefore be
considered a source of significant risk with regard to system performance
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